The centrosome is a subcellular organelle that is responsible for the majority of microtubule organization. Through this ability, the centrosome is involved in cell division, migration, and polarization. Recent studies have revealed intriguing asymmetries between mother and daughter centrioles as well as between mother and daughter centrosomes, and the involvement of such asymmetries in multiple cellular and developmental processes. This review aims to summarize recent discoveries on such asymmetries in centrioles/centrosomes and the potential implication of their inheritance patterns during cell division and development.
centrosomes present in the cell. Centriole duplication initiates at the M/G1 stage of the cell cycle where the mother and daughter centrioles lose their orthogonal orientation, a process referred to as centriole disengagement, which requires Seperase activity on the S-pahse to M-phase linker (S-M linker, Fig. 1 ) [4, 5] . During S-phase, the sequential recruitment and assembly of a core set of centriole components leads to the formation of new, daughter centriole, in the vicinity of the pre-existing mother centriole which is often referred to as a procentriole [6, 7] . The daughter centrioles continue to grow during the G2 and M phase of the cell cycle but the cellular mechanism underlying the control of centriole growth remain elusive. Once centriole duplication is complete, the two older, mother centrioles remain tethered through fibrous connections that are severed at the S/G2 transition. These fibrous connections, also called G1-G2 tether, are composed at least in part of c-NAP1 and Rootletin and their disassembly is regulated in a cell cycle dependent manner by NEK2 kinase [8] . This allows centrosome to separate and position themselves on opposite sides of the nuclease upon entry into mitosis where they will participle in the assembly of the mitotic spindles. Several factors contribute to the accurate positioning of the mitotic spindle, in particular during asymmetric cell division. How various centrosome-related asymmetries can contribute to accurate spindle positioning will be discussed in the following sections.
Inherent centrosome asymmetries
As described in the previous section, the centrioles are inherently asymmetric cellular structures, both in terms of morphology and age. One intrinsic asymmetry is defined by the polarity of the centriole MTs, their minus ends pointing towards their proximal ends and their plus ends towards the distal end [9] . The mother centriole is also longer than the daughter centriole and possesses two distinct sets of projections at their distal ends called subdistal and distal appendages (Fig. 1) . While subdistal appendages are implicated in the anchoring of MTs, distal appendages have been implicated in cilia formation and docking of the basal body at the plasma membrane. Primary cilia are immotile cellular appendages that protrude from the plasma membrane of most vertebrate cells necessary for the efficient transduction of extracellular cues during animal development and in the maintenance of tissue homeostasis. Defects in ciliogenesis have been like to several devastating diseases including polycystic kidney disease and Bardet-Biedl and orofaciodigital syndromes.
During cell division, one of the two daughter cells receives the older of the two mother centrioles. This centriole was formed prior to the last cell cycle. The other daughter cell receives the newer mother centriole that was most recently assembled in the previous cell cycle. It was elegantly shown by Anderson and Stearns that even though both mother centrioles can readily assemble primary cilia after mitotic cell division, the cell inheriting the older of the two mother centrioles have been shown to assemble primary cilia considerably faster, correlating with a differential response to hedgehog signal, which requires cilium for efficient signaling [10] . This striking observation that centriole age could be associated with pronounced phenotypic variation and differential response to various signaling cues including morphogens raised the tantalizing possibility that the inherent asymmetry of centrioles could contribute to the determination of cell fate during mitotic division.
Asymmetric centrosome inheritance during stem cell division
As described above, two centrosomes are distinct from each other, in part due to the age difference in their centrioles. While the presence of proteins that are specific to either the mother or daughter centrioles has provoked researchers' interest in its meaning, the first example of asymmetric centrosomal inheritance during cell division came with the realization that some stem cells inherit the mother centrosome upon division.
The Drosophila male germline stem cell (GSC) was the first example of stereotypical centrosome inheritance [11] . Male GSCs reside in the stem cell niche that specifies stem cell identity; at the apical tip of the testis, GSCs attach to the hub cells and are encapsulated by cyst stem cells, which together create the stem cell niche for GSCs [12] [13] [14] . Thus, under normal conditions, maintenance of the hub attachment specifies GSC identity [15] . Male GSCs divide asymmetrically by placing each of two daughter cells into distinct microenvironments (inside and outside of the niche) producing one stem cell and one differentiating cell ( Fig. 2A) . During this asymmetric stem cell division, the mother centrosome always remains within the stem cell side, while the daughter centrosome is always sent into the differentiating daughter [11] . The higher microtubule organizing center (MTOC) activity of the mother centrosome presumably enables it to be continuously anchored to the adherens junction that is formed between the GSCs and hub cells (Fig. 2A) . Subsequently, a similar observation was made in the mouse neural cortex, in which the mother centrosome remains in the neural glial progenitor cells (i.e., stem cells) (Fig. 2B ) [16] , suggesting that the stereotypical centrosome inheritance during asymmetric stem cell division is a widespread phenomenon. These observations provoked the speculation that the mother (or daughter) centrosomes might bear fate determinants, or other characteristics that contribute to cell fates. However, at the same time, an alternative explanation may be that the higher MTOC activity passively allows the mother centrosome to remain at a certain location such as near the adherens junction.
The surprise came when researchers found that the daughter centrosome is consistently inherited by the stem cells in Drosophila neuroblasts, which function as stem cells for brain development in Drosophila [17, 18] (Fig. 2C) . Previously, the asymmetric behavior of the two centrosomes was observed during the neuroblast cell cycle [19] [20] [21] . The centrosome with high MTOC activity stays in the neuroblast and the other with minimal MTOC activity is destined to the differentiating daughter, ganglion mother cells. At this point, many people assumed that the centrosome that has higher MTOC activity and stays in the neuroblast would be the mother centrosome. However, subsequent studies revealed that it is actually the daughter centrosome that is inherited by the neuroblast [17, 18] . During the neuroblast cell cycle, the mother centrosome, which had a robust MTOC activity immediately following the previous mitosis, is always inactivated, while the daughter acquires the high MTOC activity and is eventually inherited by the neuroblast. This phenomenon clearly reveals the presence of a precise regulatory mechanism that ensures the accurate inheritance of certain centrosomes by certain cells, making it more likely that cells indeed have "reasons" to segregate the mother or daughter centrosome to particular cells, instead of the mother centrosome being passively inherited by stem cells due to its high MTOC activity.
Why do stem cells inherit mother or daughter centrosomes stereotypically?
Although not yet molecularly dissected, the existence of precise regulation on which the centrosome is inherited by stem cells indicates that cells do have reason(s) to do so. Here we summarize a few possibilities indicated by available observation. The possibilities are mainly categorized into two: 1) the mother or daughter centrosome is associated with fate determinants, and/or 2) the mother or daughter centrosome is capable of regulating cellular phenomena associated with the cell fate.
1) Is the mother or daughter centrosome associated with the fate determinants?
It has been shown that, in mollusk embryos, fate-determining mRNA is associated with one pole of the spindle, resulting in asymmetric inheritance of such mRNA [22] . Although it is not known whether the difference between mother and daughter centrosomes is used to set up an asymmetric spindle pole with distinct mRNA contents, it is tempting to speculate that stem cells indeed regulate the localization of fate-determining factors by associating them with the mother or daughter centrosomes.
2) Does the mother or daughter centrosome regulate asymmetry in cytokinesis?
Recent studies have revealed that the difference between mother and daughter centrosomes contributes to asymmetric cytokinesis. Upon completion of cytokinesis, the midbody ring (MR; remnant of the cytokinetic contractile ring) is inherited only by one daughter of the division, imposing inherent asymmetry to cell division even in apparently symmetrically dividing cells. Interestingly, using various cancer cell lines and pluripotent cell lines (ES and iPS cells), the cell that contains the mother centrosome was shown to inherit the MR [23, 24] (Fig. 3A) . They further found that MR inheritance has a strong correlation with cell fate such as maintenance of pluripotency or stem cell identity [23] . However, Ettinger et al. recently reported that midbody release (instead of accumulation) correlates with stem cell identity in various cell lines [25] (Fig. 3A) . This correlates their earlier findings that radial glial progenitor cells releases the MRs, which are intriguingly enriched with a stem cell marker CD133 [26] . Future investigation is needed to understand this apparent controversy. Using the Drosophila germline as a model system, we recently found that the MR is always inherited by the differentiating cell that inherits the daughter centrosome in Drosophila male GSCs (Salzmann et al., submitted) (Fig. 3B) , contrasting to the report by Kuo et al., in the directionality of the MR inheritance regarding the centrosome age as well as stem cell fate. Such a MR inherited by the differentiating daughter (gonialblast) is eventually released and ingested by neighboring somatic cells, where it is degraded. Furthermore, we found that in Drosophila female GSCs, the mother centrosome is inherited by the differentiating daughter, like the Drosophila neuroblast, and the MR is inherited by the daughter centrosomecontaining stem cells (Salzmann et al., submitted). These clarify that the mother or daughter centrosomes is unlikely to have inherent information associated with stem cell identity. Instead, certain information is likely to be transmitted via the centrosome (or the MR, the inheritance of which is determined by the centrosome age) in a context-dependent manner.
3) Is the mother or daughter centrosome associated with other factors related to stem cell identity?
While not being fate determinants, other factors have been proposed to be inherited asymmetrically by association with the centrosome. The immortal strand hypothesis (ISH) was proposed decades ago that stem cells might inherit the template copy of genomic DNA to avoid accumulation of replication-induced mutations. The mother centrosome has been speculated to provide some anchorage to retain the template copy of the genome [27, 28] , although immortal strand segregation does not appear to occur in Drosophila male GSCs, which stereotypically inherit the mother centrosome [29] . The ISH is still under debate and will require further technical advancement [30] to obtain definitive answers. Another factor that is reported to be inherited asymmetrically by association with the centrosome is the aggrosome, the aggregates of non-degradable proteins [31] . Certain stem cells were proposed to be protected from accumulation of damaged proteins by segregating them into short-lived, differentiating daughters.
Concluding remarks
As reviewed here, asymmetries in centrosome structure and function have attracted researchers' interest for decades, and now their functional relevance in many cellular and developmental contexts, particularly in the context of stem cell behavior, has begun to emerge. While the notion that centrosome asymmetry can contribute to asymmetric cell division is fascinating, it actually imposes a new problem as well: how would symmetrically dividing cells overcome this inherent asymmetry? Can cells turn on and off the asymmetry associated with the centrosome depending on the context? We foresee exciting years to come addressing these new lines of questioning regarding centrosome asymmetry and its inheritance pattern.
Fig. 1. Centrosome biogenesis and the cell cycle in animal cells
Schematic representation of the centrosome/centriole duplication cycle in animal cells. The centrosome consists of mother (green) and daughter centrioles (red), that are interconnected by S-M tethers and embedded in pericentriolar material (PCM), which anchors microtubules. The cycle can be separated in four slightly overlapping phases. i) Centriole disengagement, ii) centriole duplication, iii) centrosome maturation and iv) centrosome separation followed by spindle assembly. The mother centriole can be distinguished by the presence of appendages. During disengagement centrioles lose their orthogonal arrangement through the removal of the S-M linker. During S phase, procentrioles forms perpendicular to each mother centriole. During S-G2 phases, the daughter centrioles continue to elongate. In late S-phase G2, the centrosome increases in size and the newly formed centriole pairs disconnect through the disassembly of the G1-G2 tether, so that at the onset of G2/M the two centrosomes move to opposite sides of the cell and establish the two mitotic spindle poles. At the end of the cycle, the daughter centrioles acquire appendages and behave as a mother centriole during the subsequent cycle. When cell exit the cell cycle and enter G0, centrioles move to the plasma membrane (pm) and assemble cilia.
Fig. 2. Asymmetric stem cell division and centrosome inheritance
A. Drosophila male germline stem cells (GSCs) inherit the mother centrosome upon division. The mother centrosome is anchored to the interface between the GSC and the hub cells. The hub secretes the signaling ligand (Unpaired, Upd) to specify GSC identity. B. Mouse radial glial progenitor cells inherit the mother centrosome upon division. The mother centrosome is located near the basal membrane throughout the cell cycle, even during interkinetic nuclear migration. This mother centrosome is also involved in primary cilia formation of radial glial progenitor cells. C. Drosophila neuroblasts inherit the daughter centrosome upon division. During each cell cycle, the mother centrosome is inactivated, while the daughter acquires robust microtubule organizing activity. A. The cell with the mother centrosome inherits the mother centrosome and midbody ring. Stem cells and cancer cells were reported to accumulate and/or release the midbody ring (see the text for detail). B. Drosophila male GSCs, which inherit the mother centrosome, exclude the midbody ring upon division. The midbody ring that is inherited by the differentiating gonialblast is eventually released and ingested by neighboring somatic cells.
